The particle size distribution, morphology and optical properties of the Au nanoparticle (NP) 
Introduction
Noble metal nanostructures are characterized by large opti− cal enhancements such as strong scattering and absorption of light. The enhancements originate from resonant oscilla− tions of the free electrons on the particles surface under irra− diation by light. This effect is known as surface plasmon resonance (SPR) and depends on the particle size and shape, and on the size and spatial distributions of the particles. The absorption spectrum of such nanostructures reveals contri− butions depending on the dielectric properties of the noble metal and of the surrounding (substrate or matrix) as well [1, 2] .
Among the possible metals investigated for the use in surface enhanced Raman spectroscopy (SERS), the noble metal nanoparticle structures of Au and Ag are preferred substrates. This is due to such advantages as the broad plasmon resonance in the UV−visible−near infrared region, high stability of the structures, and reliable preparation techniques [3] [4] [5] . The lithographic ones by means of elec− tron and ion beams, electrospraying, and direct laser 2D and 3D structuring belong to the well proven [6, 7] . For sil− ver, the nanoparticle patterning by the pulsed−laser abla− tion of a silver target and deposition on a glass surface both performed in water is reported and then found to be a highly effective surface−enhanced Raman scattering sub− strate [8, 9] . Recently, the femtosecond laser nanostruc− turing of SERS substrates on silicon basis has been reported [10] .
The nanostructuring of thin Ag films on glass substrates by means of nanosecond UV laser pulses is originally pro− posed by Henley et al. [11] . This technique makes use of the photothermally induced fragmentation of the metal film into nanodroplets which results from poor wetting of the glass substrate by the liquid metal.
In our previous work, the semi−regular, closely packed NP structures were obtained by pulsed laser irradiation at 308 nm of the Au films of a thickness in the range of 60-200 nm [12] . The near field properties of nanostructured thin gold and silver films on glass substrate were investigated theoretically by means of finite difference time domain (FDTD) simulation at parameters corresponding to practical applications [13] . The experimental conditions ensuring thin film modifications which result in spatial characteris− tics close to uniform were defined. For the obtained nano− structures, the SERS effect was measured. The enhance− ment of the Raman signal was explained by the electric field distribution and the optical near−field enhancement in the vicinity of produced nanostructures.
In this work we extend the range of experimental condi− tions of the NPs production by the UV laser melting of noble metal thin films. Instead of the pulsed laser deposition (PLD) technique, the discharge sputtering is used for the thin film preparation and then the structuring of relatively thin films of the thickness not considered yet, i.e., in the range of 10−20 nm is investigated. Moreover, laser radiation of shorter UV wavelength and pulsewidth compared to pre− vious experiments, are applied.
Experimental
Thin Au films were produced from bulk material (Sigma Aldrich, 99.99% purity) by the discharge sputtering at ambi− ent temperature and a pressure of 4×10 -2 hPa. Films of a thickness of 10, 15, and 20 nm were sputtered on the glass substrate at a growth rate of 7.5 nm/min measured by the microbalance. The substrate was prepared from the squared (1×1 cm 2 ) microscope glass slides sonically cleaned in ace− tone bath. The irradiation of the films for production of the NP structures was performed in vacuum at a pressure of 2×10 -6 hPa. Samples were irradiated by the pulsed Nd:YAG laser (Quantel B) operated at 266 nm with pulse duration of 6 nm and pulse frequency of 2 Hz. Up to 15 pulses were applied per sample at fixed laser fluencies of 160, 310, and 412 mJ/cm 2 obtained by variation of the laser spot dimen− sion. This was realized by adjusting the lens telescope placed in the laser beam path. The SEM inspection of the samples was performed by means of the scanning electron microscope EVO−40 (Zeiss). For absorbance measurements of the Au NP structures, the spectrophotometer UV 1240 (SHIMADZU) was applied. The SERS measurements were carried out after a droplet of the 0.09 M solution of Roda− mine 6G in ethanol was applied on the processed surface of each investigated sample and then dried. The Raman spectra were acquired by means of the InVia confocal instrument (Renishaw) equipped with a 785−nm laser for sample excita− tion. The laser was operated at the power substantially reduced up to 0.05% of the maximal value. Spectra were collected at the microscope magnification of 50x, and for each spectrum at least 5 scans were accumulated.
Results and discussion
The thin film samples deposited by discharge sputtering under above mentioned conditions reveal minimal surface roughness and no surface cracks or other defects. This as− sures the initial parameters for the structuring similar to these applied in our previous experiments and is found to be of key importance for production of NPs homogeneously distributed over the substrate surface. The fluence values of 160-412 mJ/cm 2 applied during laser irradiation of the 10−nm thick Au films on glass result in the nanostructured samples shown in Fig. 1 . The obtained structures typically covered an area of about 1.5 mm in dia. The nearly homoge− neous distribution of the particles population which are spherical in shape and differ in diameter is characteristic for all investigated structures, and this observation is consistent with our previous work [12, 13] . Depending on the pulse number applied, the particle number per unit area decreases with prolonged irradiation at fixed laser fluence of 412 mJ/cm 2 which indicates on their stepwise spatial rearrange− ment on the substrate surface, see Figs. 1(a)-(c). Instanta− neously, particles of larger diameter appear due to remelting and coalescence of the smaller ones what leads to broaden− ing of the particle size distribution. This conclusion is sup− ported by the comparison of structures produced with the same irradiation pulse number and different fluencies of 412 and 160 mJ/cm 2 , see Figs. 1(c) and 1(d). It shows a higher number of particles on the substrate surface for the case of lower fluence applied and indicates again on strong depen− dence of the nanostructures on irradiation parameters and the total dose applied.
The observed surface morphology is confirmed by the numerical data on particle size distributions. Such data can be extracted from SEM images and values obtained from photographs of Fig. 1(a) -(c) processed by a commercial graphics software are summarized in Fig. 2 . Irradiating at low dose, i.e., with 5 pulses results in a relatively narrow size distribution of NPs in the range of 20-80 nm with pre− vailing number of small ones of diameter between 20 and 40 nm. After application of the next 5 pulses, the number of smallest particles decreases markedly and the maximum of the NP size distribution shifts towards larger diameters of 80 nm. The distribution flattens and also the total particle number decreases substantially after further irradiation (15 pulses). The effect results from lower viscosity of the liquid droplets and their higher mobility on the substrate under such irradiation conditions which lead to coalescence into bigger particles, and this observation is in agreement with our results reported previously [12] .
It is worth to mention, that beside mentioned irradiation parameters, the intensity distribution of the laser beam play a crucial role in the production of homogeneous structures of small size NPs. An example of the Au film locally da− maged due to hot spot on the surface irradiated by laser is shown in Fig. 3 . This unwanted side effect results in a clear break of the thin film into large, irregularly shaped metal islands characterized by sizes of tens of micrometers, Fig. 3(a) . Singular particles with sizes up to few hundreds of nanometers are formed at the edges of these islands. Magni− fied view of such an edge reveals also a small number of rarely distributed, much smaller nanoparticles, Fig. 3(b) . The final result of the local, intensity hot spot is similar to that observed for samples irradiated at fluencies above a cer− tain upper limit. It results in decomposition of the thin film into particles with a flat and wide size distribution with the maximal particle diameter even up to about 500 nm.
The expected enhancement of optical parameters of the Au NP samples originates from large increase in the light scattering and also absorption in the UV and visible range which both result from nanostructuring of the film surface. The spectral profiles of absorption of the nanostructures obtained from gold films of original thickness of 10 nm are shown in Fig. 4 and confirm conclusion drawn from their structures observed in SEM images. In the non−corrected spectra "a", "b", and "c", the sum of two main contributions originating from the nanostructured gold particles and the glass substrate can be identified in agreement with literature data [2, 14, 15] . The broad peak centred around 546 nm of the profile close to Lorenzian curve corresponds to the reso− nant absorption of surface plasmons and defines the strength of the SPR effect which is of importance for SERS applica− tions. This peak reveals a red shift, relative to the resonance position of a single Au molecule [2] . The position of the SPR peak maximum can be controlled by varying the shape and size of the nanoparticles.
The spectral width and height of this peak depends on the size, quantity and shape of particles. The size depen− dence is confirmed experimentally also for the short depha− sing time of 9-15 fs corresponding to the SPR halfwidth [16] . The explanation of the size dependency is possible by the Drude theory of free electron [14] . A broad spectral pro− file of plasmons is due to particles which are small com− pared to the electron mean free path and scatter strongly electrons from a surface. The scattering on large particles is substantially weaker and results in the narrower absorption profiles of higher peak intensities. The spectral halfwidth (fwhm) of plasmon peaks in Fig. 4 fitted with Lorenz curve decreases with prolonged irradiation from 94.3 to 79.6 and to 77.4 nm for curves "a", "b", and "c", respectively. It indi− cates on increasing contribution of larger particles and is consistent with theory, whereas the nearly unchanged peak maxima confirm, that the total number of absorbing centres remains constant independently of the size redistribution. This means that no particle removal from the surface takes place during prolonged irradiation. Moreover, the observed linewidth and intensity are in agreement with the slight redshifts of the peak maxima -see inset of Fig. 4 , which can also be explained by the shift in the particle size distribution with growing number of larger particles. The role of particle size originates mostly from the size−dependent dielectric function e(w) = e 1 (w) -ie 2 (w) of the Au core electrons, which results from the partial screen− ing at the surface region and changing the electronic struc− tures at the interband transitions. The resulting plasmon peak is offset by the large, near−linear interband term of the real and imaginary components e 1 (w) and e 2 (w) of the sus− ceptibility whereas in case of e 2 (w), the free electron contri− bution becomes dominant in the above visible region. The offset is shown schematically by the solid line in Fig. 4 . The intensity increase in the wings of profiles "b" and "c" can be explained by the growing contribution of the glass absorp− tion due to stepwise uncovering of the substrate.
The profile and position of the plasmon absorption peak can be derived by using the Maxwell−Garnett approach with the assumed Lorentz "cavity" field inside and outside parti− cles [4] or directly from the Mie absorption and scattering theory [14] , both leading finally to the relation 
with
where F is the volume fraction of gold in the structure, N is the number of particles of the radius R per unit volume, V is the volume of a single particle, n is the refraction index of the structure, and r Au, r S are the density of Au (19.3 g/cm -3 ) and its concentration in the structure (4.75×10 -4 g/cm -3 ). The values of e l (1) and (2), are justified by the measurements of Theye [17] and also by Vosburgh and Doremus [14] . They take into account the mentioned free−electron component of e 1 extrapolated at l > 0 48
. μm, and the correction of e 2 due to particle dimension relative to the mean free path of electrons in the bulk l 0 . The normali− zed spectral profiles calculated for l 0 = 20 nm and for the particle dimension of 20 nm and 4 nm are shown as the spectra d1 and d2 in Fig. 4 . For the position coincidence of calculated peaks with the measured ones, an arbitrary redshift is applied by assuming slightly elevated value of n = 19 . in the calculus. This value has been estimated from data reported for Au nanoparticles characterized by an ab− sorption band centred at 546 nm [19] . The originally calcu− lated spectrum d1 (fwhm = 38 nm) broadens to the shape of spectrum d2 (fwhm = 107 nm) with the particle dimension decreasing from 20 to 4 nm. On the other hand, the observed , and 1(c), respectively; inset shows slight redshifts of the "b" and "c" peak centres relative to "a"; normalized spectra (d1) and (d2) are calculated for particle dimension of 20 nm and 4 nm.
discrepancies indicate that in order to explain the case of small volume fractions (~10 -4 ) accompanied by certain size distribution of the particles both effects should be taken into account by introducing additional correction factors in the calculation.
For measurement of the SER signal, the spectra of sam− ples covered with dried film of the RG6 solution are recorded under mild excitation at 785 nm which should pro− vide efficient near field enhancement at strong Raman sig− nal, in agreement with numerical simulation and literature data [13, 18, 20] . Figure 5 shows non−corrected Raman spec− tra of R6G deposited on glass (NR), on the 10−nm thick Au film on glass "a" and on the nanostructured gold substrates presented in Figs. 1(a) and (d) .
Compared to the vanishingly weak, luminescence−free (NR) signal, the spectral structure "a" shows slight enhance− ment of peaks typical for the R6G Raman spectrum which are centered at 610, 774, 1180, 1312, 1366, and 1512 cm -1 . This somehow surprising result can be explained by the structure of the sputtered gold film, which reveals the EM−field en− hancement at interstitial sites prior modification by laser pul− ses. This is characteristic of closely packed structure which in case of very small particles (size less than 0.5 nm) is accom− panied by substantially broadened absorption band discussed in the literature [2, 14] . Due to the elevated background of spectra "a", "b", and "c", the parasitic noise contribution from remnants of the Au film and from glass substrate cannot be excluded and consideration of the quantitative signal en− hancement can only be estimated. Nevertheless, direct com− parison of the peak intensities of spectrum (NR) with these of "b" and "c" in the range of 600-1550 cm -1 shows relative en− hancement of the Raman signal by a factor varying between 20-48 and 239-603 for individual peaks of spectra "b" and "c", respectively. This result is more than satisfactory be− cause the properties of nanostructure discussed here in part only match these of large SERS ensured in interstices be− tween nanoparticles smaller than reported here and with distances of less than 5 nm, where the intensity can build up by several orders of magnitude [12] .
Conclusions
For the preparation of SERS active surfaces, the thin (10-20 nm) Au films sputtered on glass represent an interesting alternative to much thicker substrates prepared by the PLD technique. Nearly homogeneous nanostructures of spherical gold particles and narrow particle size distribution can be prepared by selection of certain parameters of the pulsed UV laser irradiation at relatively high laser fluencies. In order to minimize negative side effects, such as the local structure inhomogeneity, the care should be taken to avoid hot spots in the intensity distribution of the laser beam during sample processing.
The absorption profiles of the nanostructured Au NP substrates show dependency on their preparation conditions and on the shape, size and size distribution of the produced particles, in agreement with literature. The Raman spectra clearly reveal the relative surface enhancement of the signal by almost three orders of magnitude and confirm that the obtained structures can be applied for SERS measurements and sensing.
Larger enhancement of the Raman signal is expected for smaller particles forming closely packed structures of con− trolled geometry and work on this topic aimed on SERS applications is in progress. 
